The genetic determinants required for invasion of epithelial cells by Shigellaflexneri and for the subsequent bacterial spreading are encoded by the large virulence plasmid. Expression of the virulence genes is under the control of various genes on the large plasmid as well as on the chromosome. We previously identified one of the virulence-associated loci near phoBR in the NotI-C fragment of the chromosome of S. flexneri 2a YSH6000 and designated the locus vacC. The vacC mutant showed decreased levels of IpaB, IpaC, and IpaD proteins as well as transcription of ipa, an operon essential for bacterial invasion (N.
Shigellae causes bacillary dysentery in humans and primates. The early essential steps in pathogenesis comprise invasion into colonic epithelial cells and subsequent bacterial multiplication and spread within the cytoplasm. Consequently, the pathogenicity of shigellae is multifactorial, involving many components of the bacteria, each of which may be under the control of composite regulatory systems.
Eight virulence-associated (vir) loci have been identified on the large 230-kb plasmid of Shigella flexneri 2a YSH6000. In a 31-kb DNA segment, five contiguous virulence segments, designated virB, ipaBCD (ipa), region 3, region 4, and region 5, have been characterized (1, 8, 14, 36, 38, 46, 47) . The virB gene acts as a positive regulator for the expression of the other four virulence regions (1) . The ipa operon encodes three invasionassociated antigens, IpaB, IpaC and IpaD, and IcsB, a protein essential for intercellular spreading of the bacteria (3), while regions 3, 4 (mxi), and 5 (spa) are required for secretion of the Ipa proteins (4-7, 40, 47) . The virG gene, outside the cluster, encodes a 116-kDa surface-exposed outer membrane protein and is essential for intra-and intercellular spreading of the invading bacteria (1, 12, 23, 24) . The virK gene encodes a 36-kDa protein involved in VirG production (27) . The virF gene encodes a 30-kDa protein (31, 32) which regulates positively the expression of the virG and virB genes (33) . Thus, expression of the invasion-associated genes on the large plas-* Corresponding author. Fax: 81-3-5449-5405.
mid is under the control of a dual activation system directed by the virF and virB genes (1) . Various classes of vir loci have been identified on the chromosome of S. flexneri. Interestingly, some of them are involved in expression of the vir genes encoded by the large plasmid. For example, a locus near the trp gene designated virR (osmZ or hns) controls the temperature-dependent expression of the invasion-associated genes such as the ipa and region 3, 4, and 5 operons (16, 21, 25) . The envZ and ompR genes, near the malA gene, have also been shown to be involved in the expression of virulence through the regulation of vir genes on the large plasmid (11) . The vacB locus near the purA gene is required for the production of the virulence-associated antigens IpaB, IpaC, IpaD, and VirG (44) . These findings indicate that the full virulence phenotype of S. flexneri requires various genes dispersed around the chromosome as well as on the large plasmid and that efficient expression of vir genes encoded by the large plasmid is controlled by various regulatory systems.
In this context, to further elucidate the roles of chromosomal virulence genes in the pathogenicity of S. flexneri, we performed random Tn5 insertion mutagenesis and screened chromosomal insertion mutants for reduced virulence in a focus plaque-forming test (FP test) (29) . One of the mutants, called N1436, whose mutated virulence-associated locus (vacC) was close to the phoBR region, showed reduced contact hemolytic (Chl) activity (29) , a property shown to correlate with invasion ability (35) . In addition, the levels of production of the IpaB, IpaC, and IpaD proteins as well as the level of the (38) and Chl assay (35) (27) . The VirG-specific antiserum VRG-C was prepared in our previous study (27) . A VirFspecific antiserum, VRF-C, was obtained by immunization of rabbits with peptides encompassing residues 250 to 262 (ITP-KKFYLYHKKF) of the VirF polypeptide (32) by coupling to keyhole limpet hemocyanin with benzidine. RNA extraction and dot blotting. RNA was extracted from bacteria as described previously (2) with slight modification (45) ; briefly, bacteria grown in LN broth were chilled quickly, harvested, and suspended in ASE buffer (20 mM sodium acetate [pH 4.8], 0.5% SDS, 1 mM EDTA). After addition of phenol (equilibrated in 20 mM sodium acetate, pH 4.8), the mixture was incubated at 60°C for 5 min with gentle shaking. After centrifugation, the RNA was precipitated by addition of 2 volumes of ethanol to the aqueous phase. The precipitated RNA was then collected by centrifugation, redissolved in ASE buffer, and precipitated with ethanol two more times. After being washed with 70% ethanol, the final precipitate was dissolved in ASE buffer, and the RNA concentration was determined by measuring the A260. Northern (RNA) dot hybridization analysis was described previously (44), as were the DNA probes specific for virG and virF (27, 44 Protein product analysis. Protein products specific for the cloned fragment were analyzed by the T7 RNA polymerasepromoter system (43) with the K38 strain harboring pGP1-2 and pT7-5 (or pT7-6) containing the 1.8-kb vacC SalI-BamHI segment.
Construction of vacC mutated strains. To inactivate the vacC gene in shigellae and enteroinvasive E. coli (EIEC) strains, an internal 207-bp EcoRV fragment of a truncated vacC segment was replaced with a neomycin resistance gene (neo) cassette and cloned into pGP704, a suicide vector (26) . The neo cassette constructed consisted of a 1,375-bp neo gene segment from pBR322::TnStacl (15) and a 177-bp rnBT1 segment from pKK232-8 (Pharmacia), in which the rmBTl, a transcriptional terminator, was placed upstream of the neo promoter. The resulting pGP704 plasmid containing vacC::neo was introduced from SY327Apir into shigellae and EIEC strains, and Kmr Aps transformants selected were used for the virulence assay.
Nucleotide sequence accession number. vacC nucleotide sequence data will appear in the DDBJ, EMBL, and GenBank databases with accession number D26469.
RESULTS
Identification of the vacC locus. We previously showed that the Tn5 in N1436 was inserted into the NotI-C fragment of the chromosome, which consisted of a DNA segment that hybridized with DNA probes obtained from the phoBR (9.1 min), purE (12.2 min), and galK (17.0 min) genes of E. coli K-12 (29) . In that study, the 33-and 337-kb NotI-C subfragments generated as a result of the NotI site on TnS in N1436 hybridized with the phoBR probes and the purE and galK probes, respectively, indicating that the vacC locus was located between the phoBR and purE genes (29 To clone the vacC locus from the chromosome of E. coli K-12 W3110, the vacC probe constructed (see Materials and Methods) was hybridized with membranes containing the ordered set of Kohara A phage clones (Takara Shuzo Co., Ltd.) (22) . Only one of the X phage clones, number 145, reacted, indicating that the vacC locus lies near 9.3 min. Further hybridization analysis of restriction segments of X phage clone 145 with the vacC probe located the hybridizing DNA sequence to a 7.8-kb KpnI segment (Fig. 1) of orfl2 remains unknown (30) . The comparison of the 375-amino-acid sequence deduced from ORF-1 in the vacC region with that from the tgt gene in E. coli K-12 indicated that the two proteins were identical except for one amino acid, and that the 110 amino acids encoded by ORF-2 downstream of ORF-1 were identical to those of the 12-kDa protein encoded by orfl2 of E. coli K-12 (Fig. 3) . These results indicated that the vacC locus on the chromosome of YSH6000 was equivalent to the tgt region on the chromosome of E. coli K-12 (30) .
Identification of the genetic determinant encoding the vacC function. To confirm the ability of the 1,822-bp SalI-BamHI segment from YSH6000 to restore the Vir+ phenotype to N1436 and to determine which ORFs were responsible for the vacC phenotype, the 1,822-bp SalI-BamHI segment was subcloned into a trimethoprim-resistant derivative of pMW19 (pMW119Tp), a pSC101-based low-copy-number vector. A series of mutants, with mutations such as a linker insertion mutation in ORF-1 (pJD101), an in-frame deletion mutation in ORF-1 (pJD102), a fill-in mutation in ORF-2 (pJD103), and a fill-in mutation in ORF-2 on pJD102 (pJD104), was constructed (Fig. 4) . Each of the resulting plasmids was introduced into N1436, which was then tested for restoration of the Vir+ phenotype by the FP test. pJD100 and pJD103 could restore the Vir+ phenotype, but the others, pJD101, pJD102, and pJD104, could not, indicating that ORF-1 was the vacC determinant.
Characterization of the vacC mutant. N1436 was initially isolated as a mutant of reduced virulence which was unable to form large plaques in the FP test. Other invasion-related phenotypes, such as Chl and the expression of the ipaBCD operon, were decreased to less than half that of the wild type (29) . Since the ability of the invading bacteria to spread from one epithelial cell to another requires virG expression (11, 23, 24) , we investigated N1436 for the level of VirG production by immunoblotting with a VirG-specific antiserum, VRG-C. decreased (Fig. SA, lane 2) compared with that of the wild type (lane 1). The levels of virG mRNA expressed from N1436 and YSH6000 were examined by Northern dot blotting with a virG-specific probe, which showed that the level of virG mRNA in N1436 was decreased compared with that of YSH6000 ( VRF-C. The results showed that the level of VirF in N1436 was decreased compared with that of the wild type (Fig. SB) . The levels of virF mRNA expressed from N1436 and YSH6000 examined by Northern dot blotting with a virF-specific probe, however, showed no significant difference (Fig. 6 ). To further confirm the effect of the vacC mutation on the production of VirG and VirF proteins, N1436 carrying pJD100 or its deriv--atives was used (Fig. 4) to perform immunoblot analysis with VRG-C or VRF-C antiserum. The results showed that the two complementation-positive plasmids, pJD100 and pJD103, could restore the production of VirG and VirF to N1436, but pJD102 and pJD104 could not (Fig. 5A and B) . These data indicated that vacC function affected the production of the VirG and VirF proteins in addition to that of the IpaB, IpaC, and IpaD proteins (28) and that the low levels of expression of the virG and ipa operons seen in N1436 (this study and reference 28) were probably due to the low production of VirF protein.
Presence of vacC in other shigellae and in EIEC. Southern hybridization with the vacC probe against SalI-BamHI-digested chromosomal DNA from the S. dysenteriae 6, S. flexneri 5, S. boydii 4, S. sonnei form I, and EIEC 0152 strains revealed that they all contained a DNA segment homologous to the vacC region (data not shown). To confirm that vacC function was present, the vacC genes of each of the shigellae and EIEC strains were disrupted by allelic replacement with a vacC::neo cassette introduced on a suicide plasmid vector, pGP704 (see (Fig. 3) . The parentheses beneath the boxes indicate the corresponding tgt and orfl2 from E. coli K-12. pJD100 was constructed by subcloning the 1.8-kb SalI-BamHI segment into pMW119Tp. pJD101 to pJD104 were derived from pJD100 following either linker or fill-in mutation (V) or deletion (EZ1). Fpa, plaque forming ability of subclones introduced into N1436 as measured by the FP test; P, positive plaque formation; P/F, small plaque formation. Designations for restriction sites are abbreviated as in Fig. 1. strains (Fig. 7) essential requirement for full expression of vir genes encoded by the large plasmid. The genetic and nucleotide sequence analysis of the vacC region indicated that the virulenceassociated determinant was equivalent to the tgt gene of E. coli K-12, which encodes the tRNA-guanine transglycosylase (Tgt) (19, 30) . Thus, vacC is similar to other chromosomal virulenceassociated loci such as virR (hns), emvZ and ompR (11) , and vacB (44) , which affect expression of vir genes on, the large plasmid, but through quite different mechanisms.
Direct assignment of the vacC locus to the NotI-C fragment of the YSH6000 chromosome with a vacC probe constructed from N1436 indicated that vacC was located near the phoBR region at 9.1 min on the genetic map of the E. coli K-12 chromosome (Fig. 1) . DNA hybridization analysis of the Kohara X library with the vacC probe revealed that the homologous DNA region was located at 9.2 to 9.3 min on the E. coli K-12 chromosome. In agreement with this, the nucleotide sequence of the 1.8-kb SalI-BamHI vacC clone from YSH6000 revealed highly significant (>98%) homology to the tgt region of E. coli K-12 (30) , which mapped at 9.2 to 9.3 min near the phoBR genes (Fig. 1) (Fig. 4) . These results taken together strongly suggested that the function encoded by ORF-1 in the vacC locus of S. flexneri is identical to that encoded by the tgt gene of E. coli K-12 (30).
Reuter et al. (30) indicated that the tgt gene in E. coli K-12 was part of a complex putative operon comprising five genes, queA, tgt, orfl2, secD, and secF. Recently, Slany and Kersten proposed that these genes form an operon, designated the tgt/sec operon (42) , in which the upstream activation sequence for the entire operon contained a potential binding site for the factor of inversion stimulation (FIS). In this regard, our complementation tests of N1436 with the vacC clone indicated a different organization, as pJD103 could complement N1436 (Fig. 4) . Since a TnS insertion into an operon is known to cause a polar mutation which affects the expression of downstream genes (9, 10) , the complementation of N1436 with pJD103 may be due to the presence of a cryptic promoter for ORF-2 in the vacC region in S. flexneri. Indeed, orfl2 (corresponding to ORF-2) in the tgt region in E. coli K-12 was shown to possess its own promoter (30) . We observed that the level of ORF-2 mRNA in N1436 was the same as that in YSH6000 as judged by Northern dot blotting with an ORF-2-specific probe (17) .
The function of tgt has been studied extensively in E. coli K-12 (30, 42) , in which the Tgt and QueA proteins participate in the biosynthesis of the hypermodified tRNA-nucleoside queuosine [Q; 7-(((4,5-cis-dihydroxy-2-cyclopentene-1-yl)-amino)-methyl)-7-deazaguanosine] (13, 19, 30) . Q is usually present in the first position of the anticodon in tRNAs specific for Asn, Asp, His, and Tyr of eukaryotes and bacteria (13) .
Although the action of the Tgt enzyme has been elucidated in terms of the biosynthesis of tRNA, no clear biological defect is observed in tgt mutants of E. coli. The only notable change so far reported was a twofold increase in the frequency of incorrect read-through of the UAG codon depending on the codon context (19) . Whether this slight increase in error frequency is of any biological significance is still obscure (19, 30) . In this respect, the vacC mutant of S. flexneri (N1436) produced levels of IpaB, IpaC, IpaD, VirG, and VirF lower than those of the wild type, thus accounting for the less virulent phenotypes in the FP test, the Chl assay, and the Sereny test (28) . Interestingly, levels of mRNAs for the ipaBCD and virG operons, but not the virF operon (17) , were shown to be decreased in N1436 compared with those of YSH6000. Thus, it is unlikely that vacC directly affected the production of IpaB, IpaC, IpaD, and VirG but rather that the effect of vacC on VirF caused a decrease of mRNAs for ipaBCD and the virG operon (reference 28 and Fig. 6 ), consistent with the role of VirF as a positive transcriptional regulator for the virG and ipaBCD operons (33) . However, it is not clear whether the effect of the vacC mutation on VirF expression is direct or indirect. The possibility that some other unidentified gene specifically involved in VirF production may be affected by vacC (tgt) function in shigellae exists. In any case, elucidation of the mechanisms responsible for the less efficient production of VirF found in the vacC mutant requires further studies on virF expression as well as on VacC (Tgt) function.
Interestingly, a similar class of virulence locus has recently been found in the plant pathogenic bacterium Agrobacterium tumefaciens (20) . A less virulent mutant of A. tumefaciens isolated by TnS insertion mutagenesis was found to be mutated in an miaA homolog known in E. coli K-12, which encodes a tRNA isopentenyltransferase (20) essential for the modification of position A37 of tRNA (13 (Fig. 7) and VirG and that of IpaB, IpaC, and IpaD were all decreased (17) , giving rise to less-virulent phenotypes in Chl assays and in FP tests.
These results thus strongly support the notion that vacC (tgt) is a prerequisite for bacterial pathogenesis in bacillary dysentery.
